1. Herbivores play a key role in shaping ecosystem structure and functions by influencing plant and microbial community composition and nutrient cycling.
Introduction
In arctic tundra, nitrogen (N) is a critical element limiting plant growth and a key determinant of plant species composition and the structure of tundra ecosystems (Nadelhoffer et al. 1992; Kielland 1994; Nadelhoffer et al. 1996) . Dissolved organic nitrogen (DON) dominates the cycling of N in tundra where most of the soil N is found in complex organic compounds (Neff, Chapin & Vitousek 2003; Read & Perez-Moreno 2003) , and nitrate and ammonium concentrations are low (Kielland 1994) . A large proportion of the ecosystem N pools is immobilized in microbial biomass, which results in strong plant-microbe competition for nutrients (Jonasson et al. 1996; Michelsen et al. 1999) . However, in nutrient limited environments plants can commonly bypass the N mineralisation by directly using organic N forms as a large part of their nutrition (Kielland 1994; Schimel & Chapin 1996; McKane et al. 2002) .
Although non-mycorrhizal plant species can take up low molecular weight organic N from the soil solution (Chapin, Moilanen & Kielland 1993; Kielland 1994) , symbiosis between mycorrhizal fungi and plant fine roots appears to be the major pathway for the acquisition of organic N under low nutrient availability. This is the case especially in ericoid mycorrhizal and ectomycorrhizal fungi which possess strong hydrolytic capacities to depolymerise complex organic N compounds (Read & Perez-Moreno 2003; Schimel & Bennett 2004) .
However, recent studies reveal that also arbuscular mycorrhizae could be more active in
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organic N uptake than previously assumed (Whiteside et al. 2012) , in addition to their wellrecognized role in plant phosphorus nutrition.
Plant coexistence in nutrient-poor environments could be achieved by nutrient partitioning in space and time based on the chemical form of N taken up directly by plants or via their mycorrhizal symbionts (McKane et al. 2002) . The large variety of inorganic and organic N forms in soils (Kielland 1994) , the fluctuations of inorganic N and DON pools through the growing season (Stark & Väisänen 2014) , and differences in uptake affinities for amino acids, ammonium and nitrate among tundra plant species (Chapin, Moilanen & Kielland 1993; Kielland 1994) , suggest that partitioning on the basis of chemical N form could be an important mechanism facilitating species coexistence and maintaining plant diversity in the arctic.
Large herbivores exert a strong control over ecosystem functioning by influencing plant community composition, soil processes and nutrient cycling in natural ecosystems.
Herbivores can increase nutrient cycling and mineral nutrient availability by favouring nutrient-rich and fast-growing plant species which produce easily decomposable litter (Bardgett & Wardle 2003) and through the conversion of plant biomass into nutrient-rich urine and dung that spatially redistribute nutrients within the ecosystems (Hobbs 1996) and stimulate microbial N mineralization . Enhanced soil nutrient availability increases plant nutrient content, which improves the quality of litter and creates a positive feedback that further enhances soil N cycling (Wardle et al. 2004) .
In high latitudes, reindeer (Rangifer tarandus) may drive such positive feedbacks by causing a shift in the tundra vegetation from a moss-rich and dwarf shrub-rich heath into a grass dominated meadow (Olofsson et al. 2001) which results in more decomposable litter (Olofsson & Oksanen 2002) , and increased soil nutrient availability (Olofsson, Stark & Oksanen 2004; Stark & Väisänen 2014) . This positive feedback may be further intensified in cold systems through a reduction of the moss layer, which increases soil temperatures that in turn stimulate microbial activities and enhance soil nutrient availability for plants (Olofsson, Stark & Oksanen 2004; van der Wal & Brooker 2004; Gornall et al. 2007 ).
Herbivores also commonly affect plant symbiotic interactions. They may influence root mycorrhizal colonization and thus how plants acquire nutrients from the soil solution (1) directly by reducing carbon allocation to the roots due to the loss of photosynthetic tissues resulting from defoliation (Smith & Read 1997; Gehring & Whitham 2002) and (2) by changing soil nutrient availability as a consequence of tramping and urine and dung deposition (Smith & Read 1997; Tuomi, Kytoviita & Hardling 2001) . The response of mycorrhizal root colonization to grazing ranges from negative to positive depending on the host plant species, ecosystem type and timing and intensity of herbivory (Eom, Wilson & Hartnett 2001; Barto & Rillig 2010; Murray, Frank & Gehring 2010; Ruotsalainen & Eskelinen 2011) , and the response to intense and long-term grazing is poorly understood.
Despite the crucial ecological importance of reindeer for soil nutrient cycling and plant-soil interactions in tundra, evidence for long-term effect of herbivores on how plants access different N sources is lacking. Natural N isotope ratios ( 15 N/ 14 N) in ecosystem pools provide an effective tool for analysing ecosystem nutrient dynamics, as changes in plant and soil 15 N natural abundance integrate the net effect of mechanisms in plant nutrient uptake and N
cycling (Nadelhoffer & Fry 1994; Högberg 1997; Robinson 2001) . For example, enhanced N cycling is often associated with increased losses of the 15 N-depleted products of N mineralization from the soil system (gaseous N forms or leaching of inorganic N), which leave the remaining inorganic N pool enriched in 15 N (Amundson et al. 2003) . If herbivores enhance soil N cycling, they are thus also expected to increase the δ 15 N of the system. Reindeer grazed tundra is a perfect study system to address these questions since the differentiation in foliar δ 15 N is pronounced in nutrient-poor environment (Michelsen et al. 1996; Nadelhoffer et al. 1996; Michelsen et al. 1998 ) and the effect of herbivores on nutrient cycling is strong (Olofsson, Stark & Oksanen 2004; ). In our study site, intense defoliation, trampling and dung and urine deposition have transformed the initial
heath vegetation into a graminoid-dominated vegetation where the abundance of mosses and dwarf shrubs is severely reduced (Olofsson, Stark & Oksanen 2004) . Concentrations of mineral nutrients are also drastically higher (Stark & Väisänen 2014) as a result of dung and urine deposition and higher plant litter quality (Olofsson & Oksanen 2002) .
In this study, we investigated the long-term effects of reindeer on plant N uptake by exploring 
Material and Methods

Study site
The research site is located above the treeline (600-700m a.s.l) on the northern slope of Raisduoddar Fjell (69°31´N, 21°19´E) in the suboceanic northern Norway. Reindeer husbandry forms the dominant land-use in the area. At the study site, the annual precipitation is 935 mm and the annual mean temperature is -0.6 ° C (2006 -2015 Resources and Energy Directorate, www.senorge.no). The study was conducted across a 1-1.5 m high reindeer fence established in the 1960s to reduce the risk that reindeer enter migration areas during summer. The fence runs for several kilometres across the tundra and separates the landscape into two grazing areas; the heavily grazed summer range, and the adjacent lightly grazed spring and the autumn migration range (Olofsson, Stark & Oksanen 2004) . The two sides of the fence differ only in terms of grazing intensity since there is no difference in the seasonal timing of grazing that takes place during second half of August.
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This article is protected by copyright. All rights reserved. myrtillus and E. hermaphroditum, a grass, D. flexuosa and a sedge, C. bigelowii. These were the only plant species that were common enough to get adequate samples from both sides of the fence. We selected 10 locations along the reindeer fence, apart from each other of about 30-40 m. In each of the 10 locations, a site was selected at the heavily and at the lightly grazed areas. All sites were within a distance of 5 m from the fence. Sites with similar physical abiotic conditions (i.e topography, sunlight and soil moisture) were selected and the
main differences in vegetation between the sides of the fence should thus be only controlled by a top down effect of reindeer.
Foliar tissues were collected from 5 to 10 individuals of each plant species at the 10 locations in late July 2011. Total plant biomass was also harvested in subplots (25 cm x 25 cm) randomly selected at each sites. Plant species were sorted at the species level with the exception of grass and sedge which were pooled into the graminoid functional group. All the plant samples were oven-dried (60° C, 48 h) and weighed. Root samples were harvested from 10 individuals within three of the 10 locations by tracing the fine roots from the main root down into the soil in late July 2012. Root samples were kept moist in plastic bags, brought to the laboratory, thoroughly washed with water and stored in plastic vials in 70 % ethanol.
Fresh reindeer dung was collected at close location of the reindeer herd at the heavily grazed sites.
A first set of three soil cores (total estimated volume of 500 cm 3 ) were taken for determining total soil N and δ 15 N at three sites along the fence. Another set of three soil samples were collected at each plant sampling site in 2011 for determining extractable and microbial N and δ 15 N. Only the thin humus layer was sampled in each sampling sites and the mineral layer was discarded. Soil samples were kept frozen until analysis. Soil temperatures were recorded at mid-day at 10 cm depth at each sampling location with a rugged thermometer coupled to a HI-765BL probe, Hanna Instrument (range -50° C to 150° C, resolution 0.1° C). The sampling was timed to correspond with periods of peak plant biomass (end of July-beginning of August).
Mycorrhizal colonization analysis
Root samples for mycorrhizal colonization analysis were cleared, stained and mounted on slides. Mycorrhizal type was determined for each plant species and colonization rate was assessed as the proportion of arbuscules, fungal mantle or fungal coils intercepted in 1 cm long root segments (<1 mm diameter) by using a modification of the line intersection procedure (McGonigle et al. 1990) . A detailed description of the root sample preparation and mycorrhizal colonization analysis is presented in Appendix S1 in Supporting information.
Chemical analysis
Leaf and dung samples were dried at 60° C and the first set of soil samples at 105° C (48 h).
Samples were finely grinded and subsamples were encapsulated into preweighed tin capsules for estimation of total N and δ 15 N. The remaining larger set of soil samples, for estimation of extractable and microbial N and δ 15 N, was thawed at room temperature and sieved (mesh 2 mm). Soil water content was measured gravimetrically (12 h, 105° C) and organic matter content was determined by loss on ignition (12 h, 475° C).
Soil microbial N was determined as the chloroform labile fraction using the chloroformfumigation-extraction technique described by Brookes et al. (1985) . A subsample of 2 g of soil was 0.5 M K 2 SO 4 extracted without fumigation for determination of total extractable N (Ne) and another subsample of 2 g of soil was extracted after fumigation for determination of microbial N (Nmic). All the extracts were filtered through Whatman No 1 filter paper. Total extractable N in the non-fumigated extracts was determined by oxidizing the entire extractable N to NO 3 - (Williams et al. 1995) which was then measured by automated flow analyser (N, FIA Perstorp). Microbial N content was calculated by subtracting total
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This article is protected by copyright. All rights reserved. N and N concentrations among species and within-species differences in the response to grazing intensity were tested using two-way analysis of variance (ANOVA) with plant species and grazing intensity as categorical variables. Akaike´s information criteria and residual plots were used to assess the fit of the model. A Tukey`s studentized range (honestly significant difference) test was used to examine posteriori differences among
species means. The data fulfill the assumption of normality and heteroscedasticity with the exception of plant biomass data. All statistical analyses were performed using the R statistical package (R development Core Team 2016).
Results
Plant species abundance
The long term heavy reindeer pressure on the tundra vegetation strongly changed the abundance of the studied plant species (Fig. 1) Fig. 2 ). Plant species identity explained a large part of the variation in δ 15 N. The lowest signatures were recorded in E.
hermaphroditum, followed by V. myrtillus, B. nana, D. flexuosa and C. bigelowii (Fig. 2) . (Fig. 2) .
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Plant and dung N concentration
Foliar N concentrations differed among species (Table 1, Fig. 3 ). The deciduous dwarf shrub B. nana and the sedge C. bigelowii had the highest foliar N concentrations, the evergreen dwarf shrub E. hermaphroditum and the grass D. flexuosa the lowest N concentration, while the dwarf shrub V. myrtillus was intermediate (Fig. 3) . Foliar N concentrations were also higher (P=0.005) in all plant species in the heavily grazed sites, with no interactions between species and grazing regimes ( Table 1 ). The largest effect of reindeer grazing was observed in B. nana, with 12 % higher N concentrations in the heavily grazed sites (Fig. 3, P=0 
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significant correlations were detected in the other species. Dung had higher N concentration (2.32 ± 0.44 %, Fig. 3 ) than most of the sampled tundra plant species.
Mycorrhizal colonization of fine roots
The two ericaceous shrub species, E. hermaphroditum and V. myrtillus were colonized by ericoid mycorrhiza and the dwarf shrub B. nana formed ectomycorrhizal symbiosis. The grass species D. flexuosa was colonized by arbuscular mycorrhizae, while the sedge C.
bigelowii was non-mycorrhizal at all sites in the two grazing systems. Dual colonisations by different types of mycorrhizal fungi did not occur in any of our sampled plant species.
Mycorrhizal colonization of fine roots of B. nana differed strongly between the two grazing regimes with a decrease by about 50 % ectomycorrhizal colonization rate in the heavily grazes sites (P<0.001) (Fig. 4a) . Mycorrhizal colonization of fine roots of E. hermaphroditum was also significantly higher at the lightly grazed sites (P=0.014, Fig. 4b ), while no significant differences were observed in V. myrtillus and D. flexuosa between the two reindeer grazing systems (Figs 4c and 4d ).
Soil properties
Reindeer influenced soil properties and nutrient availability (Table 2 , Figs 5 and 6). Soil temperature and moisture contents were higher (P<0.001 and P=0.025, respectively) and organic matter content (P=0.033) was lower in the heavily grazed sites (Table 2 ). Extractable N pool per unit of SOM was two times higher in the heavily grazed sites than in the lightly grazed sites (P=0.006, Fig. 5a ). The microbial soil N pool did not differ statistically significantly between the two grazing regimes (P=0.373, Fig. 5b ). The δ 15 N signature in the soil extractable N pool (-10 ‰) was lower and the δ 15 N signature in the microbial N pool (+17 ‰) was higher than corresponding values for any of the plant species (Fig. 6 ). δ
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values of the total soil N pool and microbial N pool were higher in the heavily grazed sites (P=0.049 and P=0.040 respectively, Fig. 6 ).
Discussion
We tested the hypothesis that reindeer grazing reduces foliar δ 15 N differentiation among coexisting plant species. We found strong support for this hypothesis. Large differences in the At high mineral nutrient availability, conditions that predominate in the heavily grazed sites, all plants could access the more easily available N sources. 50 years of reindeer grazing has indeed increased soil nitrogen availability, evident both from a higher extractable N in the soil and higher N concentrations in all plant species investigated in this study, and from a higher mineral nutrient availability in the soil throughout the growing season (Stark & 
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Väisänen 2014). In line with previous work (Olofsson, Stark & Oksanen 2004) , soil temperatures and soil moisture were higher at the heavily grazed sites. Since graminoid litter decomposes faster than ericoid litter, the change in vegetation and in soil microclimates contributes to an increased nutrient turnover together with nutrients from dung and urine (Olofsson & Oksanen 2002) . Intense but infrequent herbivory often induces a large reduction in root biomass as a result from a higher allocation of nutrients and carbohydrate in the aboveground plant parts and from an increase in root mortality (Guitian & Bardgett 2000) .
Since plants in the heavily grazed sites were also more defoliated, the more similar plant δ 15 N signatures could thus result from a reduced capacity of defoliated plants to access complex organic N sources.
Difference in the mycorrhiza-mediated N uptake between the lightly and the heavily grazed sites is also a possible mechanism that could contribute to the reduced variation in plant δ 15 N signatures. In the lightly grazed sites, the foliar δ 15 N signatures correspond to our predictions based on their mycorrhizal type (Michelsen et al. 1996; Nadelhoffer et al. 1996; Michelsen et al. 1998; Craine et al. 2009 
This article is protected by copyright. All rights reserved. In accordance with our hypothesis, the mycorrhizal colonization in fine roots of B. nana and E. hermaphroditum was lower in the heavily grazed sites. The increased nutrient availability in the soil, trampling and defoliation could all underlie the reduction in mycorrhizal colonization. Defoliation reduces allocation of C to roots by reducing photosynthetic capacity of plants and could thus reduce mycorrhizal colonization of fine roots, although a recent meta-analysis concluded that this occurs only in a limited subset of plant species (Barto & Rillig 2010). In line with that, reindeer had no effect on mycorrhizal colonization rate in V.
myrtillus and D. flexuosa in our study.
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uptake of mineral forms of N, and the uptake of N compounds deriving from dung and urine was at the origin of the observed shift in plant δ 15 N in heavily grazed areas.
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fungi; NON, non-mycorrhizal fungi. Mean values ± standard errors are presented. Asterisks (*) denote significance at P < 0.05. Asterisks (*) denote significance at P < 0.05.
